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The antimalarial drug artemisinin from Artemisia annua demonstrated remarkably strong activity against Helicobacter pylori,
the pathogen responsible for peptic ulcer diseases. In an effort to develop a novel antimicrobial chemotherapeutic agent contain-
ing such a sesquiterpene lactone endoperoxide, a series of analogues (2 natural and 15 semisynthetic molecules), including eight
newly synthesized compounds, were investigated against clinical and standard strains of H. pylori. The antimicrobial spectrum
against 10 H. pylori strains and a few other bacterial and fungal strains indicated specificity against the ulcer causing organism.
Of five promising molecules, a newly synthesized ether derivative �-artecyclopropylmether was found to be the most potent
compound, which exhibited MIC range, MIC90, and minimum bactericidal concentration range values of 0.25 to 1.0 �g/ml, 1.0
�g/ml, and 1 to 16 �g/ml, respectively, against both resistant and sensitive strains of H. pylori. The molecule demonstrated
strong bactericidal kinetics with extensive morphological degeneration, retained functional efficacy at stomach acidic pH unlike
clarithromycin, did not elicit drug resistance unlike metronidazole, and imparted sensitivity to resistant strains. It is not cyto-
toxic and exhibits in vivo potentiality to reduce the H. pylori burden in a chronic infection model. Thus, �-artecyclopropyl-
mether could be a lead candidate for anti-H. pylori therapeutics. Since the recurrence of gastroduodenal ulcers is believed to be
mainly due to antibiotic resistance of the commensal organism H. pylori, development of a candidate drug from this finding is
warranted.

Helicobacter pylori is the major cause of gastroduodenal infec-
tions and has been implicated in the pathogenesis of active

and chronic gastritis, peptic ulcer, and gastric carcinoma (29, 30).
The organism changes the gastric epithelium directly through
bacterial toxicity and indirectly via inflammation-mediated dam-
age (1). Antibiotic therapy has been used successfully with a com-
bination of two or three drugs to eradicate H. pylori infections (12,
32) and also to cure gastroduodenal ulcers (30). However, resis-
tance to amoxicillin (AMX), clarithromycin (CLR), and metroni-
dazole (MNZ) in particular is increasingly becoming widespread
due to constant use of these drugs against such infection (7, 33,
34). Development of drugs derived from natural sources is receiv-
ing increasing attention particularly because of their potential to
keep pathogenic strains sensitive. Sustained efforts worldwide in
searching anti-H. pylori leads from natural products have already
led to the elaboration of many plant-derived molecules with in-
teresting prospects (10, 23, 36, 48).

Many unanswered questions on how a plant or its product(s)
can be successfully used to cure a disease in traditional and/or
alternate modes of treatment are now being addressed. Examples
include delineation of the stimulating property of tea, the anti-
inflammatory and antiseptic properties of turmeric, the analgesic
and anti-inflammatory use of willow bark, the antidiabetic poten-
tial of Madagascar Periwinkle, the antimalarial property of the
plant Artemisia annua, etc. However, recent additional findings
regarding the anticancer activity of tea catechins, the antitumor
potential of curcumin, the blood-thinning property of the well-
known analgesic molecule aspirin, or the therapeutic effect of
vinca alkaloids in Hodgkin’s lymphoma (see, for example, refer-
ence 41) not only brought forth a few unquestioned answers but
also opened up innovative spin-offs to revisit the wealth of tradi-
tional knowledge through the eyes of modern-day understanding
about the pathophysiological targets and therapeutic principles.
In a nationwide networked program in India (19), large-scale
screening of natural product based molecules is being carried out

in appropriate preclinical experimental models, wherein we have
been searching for anti-H. pylori principle(s). The rationale has
been that many plant materials are being successfully used to cure
stomach ailments for centuries; thus, some active principles could
act via the anti-H. pylori mechanism as well. Such random screen-
ing demonstrated the remarkably high and hitherto-unknown
anti-H. pylori activity of artemisinin.

Use of Artemisia annua to treat malaria has been known for at
least 1,600 years. Artemisinin, a sesquiterpene lactone endoperox-
ide, is a secondary metabolite from this plant that is widely dis-
persed throughout the temperate region (43). The plant has tra-
ditionally been grown in China as a medicinal plant and, more
recently, in Europe for its aromatic leaves, which are used in fla-
voring beverages. Besides antimalarial property, artemisinin and
its analogues were shown to possess immunomodulatory and an-
titumor effects (20, 27, 45). Many natural and semisynthetic de-
rivatives of artemisinin and other compounds containing an en-
doperoxide bridge have been described as biologically active (37,
40). The generation of semisynthetic derivatives such as artesu-
nate, dihydroartemisinin, and arteether, etc., has helped in deci-
phering the mechanism of action as an antimalarial, antitumor,
anti-inflammatory, or immunosuppressive agent (25, 45, 47). The
endoperoxide moiety in the chemical structure of artemisinin is
thought to be responsible for the bioactivity (25).

In an effort to look into the details of anti-H. pylori profiles of
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such endoperoxide molecules, a series of artemisinin analogues
were investigated that included two isolated molecules, seven
known semisynthetic derivatives, and eight newly synthesized
compounds. Because artemisinin is thought to be useful against
resistant strains of malaria (20, 25), it was of additional interest to
see whether antibiotic-resistant strains of H. pylori can also be
killed by such natural-product-based molecules. Based on pri-
mary screening through a disc diffusion sensitivity assay and MIC/
minimum bactericidal concentration (MBC) studies using both
standard strains and clinical isolates and also based on investiga-
tions of the general antimicrobial features, including both anti-
bacterial and antifungal activities, we selected five molecules as
potential anti-H. pylori candidates. Such molecules were further
evaluated for their acid stability (because these are supposed to act
under stomach acidic pH), bactericidal kinetics, and sensitivity/
resistance profile. The most potent compound was further exam-
ined for its capacity to induce morphological deformity, show
synergism with anti-H. pylori antibiotics, and reduce the H. pylori
burden in vivo. Typically, the objective and the approach plan
have been to synthesize newer derivatives upon observing anti-H.
pylori activity profile of some molecules, so as to be able to bring
out compounds endowed with desired attributes. It is concluded
that �-artecyclopropylmether could be a lead candidate for
anti-H. pylori therapeutics.

MATERIALS AND METHODS
Test compound preparation. Isolation of secondary metabolites artemis-
inin and artemisinic acid from the plant Artemisia annua, grown at the
Central Institute of Medicinal and Aromatic Plants (CIMAP) experimen-
tal farms, Lucknow, India, was carried out essentially according to the
patented procedure (18). A schematic outline for the extraction protocol
is provided in Fig. 1A. Figure 1B summarizes the outline for the prepara-
tion of a series of new and known derivatives of artemisinin. Briefly, arte-
misinin (GRB-17) was reduced with sodium borohydride at 0 to �5°C to

prepare dihydroartemisinin (GRB-8) in 85% (wt/wt) yield in �2 h. After
crystallization and drying, dihydroartemisinin was alkylated with differ-
ent substituted alcohols in 1,4-dioxan in the presence of the catalyst
chlorotrimethylsilane (Sigma-Aldrich) at room temperature to produce a
series of ether derivatives (GRB-1 to GRB-6, GRB-9 to GRB-11, and GRB-
16). Methanol and ethanol were used as the alkylating agent, as well as the
reaction solvent, in preparing artemethers (GRB-3 and GRB-4) and
arteether (GRB-2), respectively, whereas other alcohols were reacted us-
ing 1,4-dioxan as the reaction solvent to prepare other known and new
ethers (3, 4). For the purpose of achieving diversity, dihydroartemisinin
was also acylated to obtain different esters (GRB-7, GRB-14, and GRB-
15). Further, dehydration of dihydroartemisinin afforded anhydrodihy-
droartemisinin (GRB-13). The chemical structures, compound names,
and the code numbers of the 17 molecules, two natural isolates (artemis-
inin [GRB-17] and artemisinic acid [GRB-12]), and 15 semisynthetic de-
rivatives are provided in Table 1. The syntheses of GRB-2, GRB-3, GRB-4,
GRB-8, GRB-11, GRB-13, and GRB-14 were carried out as described ear-
lier by us and others (3, 4, 15, 18, 37, 40), while the synthetic outlines and
spectral data for the newer ether derivatives (GRB-1, GRB-5, GRB-6,
GRB-9, GRB-10, and GRB-16) and the ester derivatives (GRB-7 and GRB-
15) are presented below.

Dihydroartemisinin (1.0 g) was dissolved in 1,4-dioxan (20 ml),
stirred for 2 to 4 h in the presence of appropriate alkylating/acylating
reagents, viz., cyclopropyl methanol (for GRB-1 and GRB-16), cyclopen-
tanyl methanol (for GRB-10), pipernoyl alcohol (for GRB-9), furfuryl
alcohol (for GRB-5), 2,4-dichlorobenzyl alcohol (for GRB-6), and 4-chlo-
robenzoyl chloride (for GRB-7) and the catalyst chlorotrimethylsilane.
After completion of the reaction (as monitored by thin-layer chromatog-
raphy [TLC]), the reaction mixture was quenched with cooled 1% aque-
ous NaHCO3 (50 ml) and extracted with ethyl acetate (three times with 50
ml each time). The combined extract was washed with water till neutral,
dried (Na2SO4), and concentrated to get the crude mixture of �/� prod-
ucts (1.2 to 1.8 g). The mixture was subjected to silica gel column chro-
matography to obtain the pure �-isomer, followed by the �-isomer.

For the purpose of identification, the reaction mixtures and the crys-
tallized products were monitored by co-TLC with the starting material

FIG 1 Extraction of artemisinin and synthesis of different artemisinin derivatives there from. (A) Outline of extraction protocol (see reference 18 for details). (B)
Summary of the synthetic steps involved for the preparation of different analogues from artemisinin.
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artemisinin or dihydroartemisinin in the solvent system n-hexane– ethyl
acetate (70:30). Purity of the compounds was assumed if a single spot
developed on TLC. Infrared (IR) spectra were recorded using a Perkin-
Elmer Bx infrared spectrophotometer with a KBr window. 1H and 13C
nuclear magnetic resonance (NMR) spectra were determined in CDCl3 on
Bruker Avance spectrometer operating at 300 and 75 MHz, respectively.
The chemical shifts are reported in ppm. Spectra were interpreted from
DEPT-90 and DEPT-35 (distortionless enhancement by polarization
transfer) and COSY (correlation spectroscopy) results. Electrospray ion-
ization (ESI) mass spectra were recorded on a JEOL-AccuTOF JMS-
T100LC mass spectrometer and using the Shimadzu LC-MS (liquid chro-
matography-mass spectrometry) system, respectively.

For �-artecyclopropylmether (GRB-1), the column was eluted with
n-hexane– ethyl acetate (98:2) to yield GRB-1, 76% (wt/wt), Rf � 0.54 (7:3
n-hexane– ethyl acetate), colorless plates (n-hexane), melting point (mp)

59 to 60°C; IR �max � 3,089, 3,010 (cyclopropane), 2,870, 1,597, 1,453,
1,377, 1,102, and 1,025 cm�1; 1H NMR � � 0.18 and 0.46 (2H each, m,
H2-3=/H2-4=), 0.89 (3H, d, J � 7.2 Hz, H3-13), 0.93 (3H, d, J � 6.3 Hz,
H3-14), 1.02 (1H, m, H-2=), 1.40 (3H, s, H3-15), 3.32 (1H, dd, J � 10.5, 6.9
Hz, Ha-1=), 3.55 (1H, dd, J � 10.5, 3.9 Hz, Hb-1=), 4.80 (1H, d, J � 3.3 Hz,
�H-12), and 5.38 (1H, m, H-5); 13C NMR � � 2.7 and 3.2 (C-3= and
C-4=), 10.9 (C-2=), 13.2 (C-13), 20.6 (C-14), 24.8 (C-2), 25.1 (C-8), 26.5
(C-15), 31.3 (C-11), 35.2 (C-9), 36.9 (C-3), 37.9 (C-10), 45.0 (C-7), 53.1
(C-1), 72.7 (C-1=), 81.4 (C-6), 88.2 (C-5), 101.9 (C-12), and 104.3 (C-4).
ESI-MS (m/z) � 339 [M�H]�, 361[M�Na]� (C19H30O5).

For �-artecyclopropylmether (GRB-16), column elution with
n-hexane– ethyl acetate (98:2), followed by preparative TLC in n-hexane–
ethyl acetate (95:5), provided the viscous compound GRB-16, 14% (wt/
wt), Rf � 0.49 (7:3 n-hexane– ethyl acetate); IR �max � 3083 (cyclopro-
pane), 2,873, 1,596, 1,454, 1,378, 1,102, and 1,027 cm�1; 1H NMR � �

TABLE 1 Antibacterial susceptibility of artemisinin and its derivatives against H. pyloria

Parent
structure Compound name and code R

Inhibition zone diam (cm) in strain:

80A 121A PCR-148 PCR-155 PCR-156 PCR-216
ATCC
700392

ATCC
43504

ATCC
49503

ATCC
43629

Artemisinin 1.6 0.8 0.6 0.6 0.6 0.6 1.7 0.7 0.9 0.6

GRB-17 2.1 1.6 0.9 0.7 0.8 0.7 2.5 0.8 1.7 1.5

�-Artecyclopropylmether 2.1 1.9 0.7 2.0 0.6 2.1 1.7 1.7 2.0 2.1

GRB-1 2.6 2.5 0.9 2.4 0.8 2.8 2.2 2.4 2.7 2.6
�-Artemether 2.0 1.5 0.6 2.0 0.6 1.2 1.7 1.1 0.7 1.6
GRB-2 2.6 1.9 0.9 2.8 0.7 1.8 2.2 2.1 1.9 2.4
�-Artemether 2.0 1.4 0.6 0.6 0.6 0.6 2.0 0.7 1.2 0.7
GRB-3 2.6 1.8 0.8 1.5 0.8 1.0 3.0 1.0 2.1 1.5
�-Artemether 2.6 1.7 0.6 1.5 0.7 0.8 2.8 1.4 2.0 1.4
GRB-4 4.0 2.3 1.0 2.8 1.5 1.5 3.2 2.4 2.8 2.1
�-Artefurfurylether 2.3 2.2 1.7 2.3 2.5 2.0 2.8 2.9 3.0 2.5
GRB-5 2.8 2.7 2.2 3.0 2.9 2.3 3.1 3.3 3.4 3.0

�-Arte-2,4-dichlorobenzylether 0.9 0.9 0.6 0.6 0.6 0.6 1.0 0.8 0.8 0.7

GRB-6 1.1 1.0 0.8 0.7 0.8 0.7 1.2 1.0 1.0 0.8
�-Dihydroartemisininyl-4-

chlorobenzoate
1.5 1.4 1.5 1.4 1.3 1.4 1.5 1.4 1.5 1.4

GRB-7 1.8 1.6 2.0 1.8 1.8 1.8 1.8 1.7 1.6 1.7
Dihydroartemisinin 2.1 2.0 0.8 1.3 0.8 1.4 1.5 1.3 1.4 1.0
GRB-8 3.0 2.7 0.9 2.2 1.5 2.0 2.4 2.1 2.1 1.8
�-Artepipernoylether 1.7 1.1 1.4 1.6 1.5 1.5 1.6 1.3 1.5 1.6

GRB-9 2.0 1.2 1.9 2.1 1.8 1.9 2.1 1.7 2.0 2.0
�-Artecyclopentanyl mether 1.4 1.1 0.6 0.6 0.6 1.0 1.8 1.5 1.6 1.0
GRB-10 1.9 1.5 0.8 0.7 0.9 1.3 2.2 1.8 2.0 1.4

�-(9=-Anthrylmethoxy)
dihydroartemisinin

1.1 1.1 1.0 1.0 1.2 1.4 1.2 1.2 1.0 0.9

GRB-11 1.4 1.4 1.4 1.3 1.5 1.7 1.4 1.4 1.4 1.2

�-Artesunic acid 1.7 1.1 0.6 Nil 0.6 0.6 1.2 0.9 0.9 1.6

GRB-14 2.6 2.1 0.7 Nil 0.8 0.8 2.0 1.7 1.5 2.1

�-Dihydroartemisininyl-3,4,5
tri-O-methylgallate

1.2 1.0 0.6 Nil 0.6 0.6 0.9 0.7 1.1 0.7

GRB-15 1.7 1.5 0.8 0.8 0.8 0.8 1.5 1.3 1.3 1.5

�-Artecyclopropylmether 1.5 1.3 0.6 0.6 0.6 0.6 1.5 0.8 1.1 1.1
GRB-16 2.5 2.0 0.9 0.9 0.7 0.6 2.3 1.7 1.6 1.7

Artemisinic acid 1.4 1.2 0.6 0.6 0.6 0.6 1.3 1.1 1.0 0.6

GRB-12 1.7 1.7 0.8 0.8 0.8 0.8 2.0 1.7 1.7 0.7

Anhydrodihydroaretimisinin 1.5 0.9 0.6 0.8 0.6 0.6 0.7 0.7 0.9 0.6

GRB-13 2.5 1.1 0.7 1.8 0.8 0.8 1.7 1.0 1.5 0.7

a Discs were impregnated with 0.5 	g (upper row) and 1.0 	g (lower row) of the compounds, except for GRB-12, wherein the respective doses were 40 and 80 	g/disc.
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0.22 and 0.48 (2H each, m, H2-3=/H2-4=), 0.90 (3H, d, J � 7.5 Hz, H3-13),
0.95 (3H, d, J � 5.7 Hz, H3-14), 1.03 (1H, m, H-2=), 1.43 (3H, s, H3-15),
3.33 (1H, dd, J � 10.5, 6.9 Hz, Ha-1=), 3.74 (1H, dd, J � 10.5, 3.6 Hz,
Hb-1=), 4.80 (1H, d, J � 9.3 Hz, �H-12), and 5.32 (1H, m, H-5); 13C
NMR � � 2.6 and 3.2 (C-3= and C-4=), 10.4 (C-2=), 12.6 (C-13), 20.2
(C-14), 22.1 (C-2), 24.7 (C-8), 26.0 (C-15), 32.4 (C-11), 34.2 (C-9), 36.3
(C-3), 37.3 (C-10), 45.3 (C-7), 51.6 (C-1), 73.1 (C-1=), 80.3 (C-6), 91.2
(C-5), 99.4 (C-12), and 104.2 (C-4). ESI-MS (m/z) � 339 [M�H]�

(C19H30O5).
For �-artecyclopentanylmether (GRB-10), the column was eluted

with n-hexane– ethyl acetate (98:2) to yield GRB-10, 84% (wt/wt), vis-
cous, Rf � 0.57 (7:3 n-hexane– ethyl acetate); IR �max � 2,950, 2,869,
2,873, 1,595, 1,457, 1,380, 1,103, and 1,027 cm�1; 1H NMR � � 0.90 (3H,
d, J � 7.5 Hz, H3-13), 0.95 (3H, d, J � 6.0 Hz, H3-14), 1.24 (4H, m, H2-4=,
H2-5=), 1.44 (3H, s, H3-15), 1.72 (4H, m, H2-3=, H2-6=), 2.15 (1H, t, J � 7.5
Hz, H-2=), 3.25 (1H, dd, J � 9.3, 9.3 Hz, Ha-1=), 3.72 (1H, dd, J � 9.3, 7.5
Hz, Hb-1=), 4.77 (1H, d, J � 3.0 Hz, �H-12), and 5.39 (1H, s, H-5); 13C
NMR � 13.0 (C-13), 20.4 (C-14), 24.4/24.7 (C-2/C-8), 26.2 (C-15), 26.6
(C-4= and C-5=), 29.4/29.8 (C-3=/C-6=), 31.0 (C-11), 34.7 (C-9), 36.4 (C-
3), 37.5 (C-10), 39.5 (C-2=), 44.5 (C-7), 52.6 (C-1), 72.9 (C-1=), 81.2
(C-6), 87.9 (C-5), 102.0 (C-12), and 104.0 (C-4); COSY (1H-1H correla-
tions): correlations of Ha-1=, Hb-1= (3.25, 3.72) with H-2= (2.15),
H-2=with H2-3=, H2-6= (1.72) and H2-3=, H2-6= with H2-4=, H2-5= (1.24).
ESI-MS (m/z) � 389 [M�Na]�, 267 [M�C6H11O]� (C21H34O5).

For �-artepipernoylether (GRB-9), the column was eluted with
n-hexane–ethyl acetate (95:5) to yield derivative GRB-9, 68% (wt/wt), Rf �
0.47 (7:3 n-hexane–ethyl acetate), colorless needles (n-hexane), mp � 118 to
120°C; IR �max � 1,595 and 927 (pipernoyl group) cm�1;1H NMR � � 0.90
(3H, d, J � 7.2 Hz, H3-13), 0.95 (3H, d, J � 5.7 Hz, H3-14), 1.46 (3H, s,
H3-15), 4.42 (1H, d, J � 12 Hz, Ha-1=), 4.78 (1H, d, J � 12 Hz, Hb-1=), 4.89
(1H, d, J � 3.3 Hz, �H-12), 5.46 (1H, s, H-5), 5.96 (2H, s, H2-8=), 6.77 (1H, s,
H-3=), and 6.81 (2H, d, J � 8.1 Hz, H-6= and H-7=); 13C NMR � 13.4 (C-13),
20.6 (C-14), 24.9 (C-8), 25.1 (C-2), 26.5 (C-15), 31.3 (C-11), 35.0 (C-9), 36.8
(C-3), 37.8 (C-10), 44.8 (C-7), 53.0 (C-1), 70.01 (C-1=), 81.5 (C-6), 88.3
(C-5), 101.2, 101.5 (C-8=, C-12), 104.4 (C-4), 108.3 (C-3=), 108.5 (C-6=),
121.2 (C-7=), 132.6 (C-2=), 147.3 (C-5=), and 148.0 (C-4=). ESI-MS (m/z) �
441 [M�Na]� (C23H30O7), 267 [M�C8H7O3]�.

�-Artefurfurylether (GRB-5) was obtained from the column with n-
hexane– ethyl acetate (95:5), yield � 61% (wt/wt), Rf � 0.51 (7:3
n-hexane– ethyl acetate), colorless amorphous solid (n-hexane– ethyl ac-
etate), mp � 145 to 147°C; IR �max � 1,595, 874, and 747 (furan skeleton)
cm�1; 1H NMR � � 0.84 (3H, d, J � 7.5 Hz, H3-13), 0.94 (3H, d, J � 6.0
Hz, H3-14), 1.45 (3H, s, H3-15), 4.52 (1H, d, J � 12.9 Hz, Ha-1=), 4.75
(1H, d, J � 12.9 Hz, Hb-1=), 4.89 (1H, d, J � 3.3 Hz, �H-12), 5.46 (1H, s,
H-5), 6.31 (1H, dd, J � 6.3, 1.2 Hz, H-3=), 6.33 (1H, d, J � 6.3Hz, H-4=),
and 7.39 (1H, brs, H-5=); 13C NMR � 13.0 (C-13), 20.5 (C-14), 24.7
(C-8), 24.9 (C-2), 26.4 (C-15), 31.0 (C-11), 34.8 (C-9), 36.6 (C-3), 37.6
(C-10), 44.6 (C-7), 52.8 (C-1), 61.8 (C-1=), 81.4 (C-6), 88.2 (C-5), 100.9
(C-12), 104.3 (C-4), 109.1 (C-4=), 110.3 (C-3=), 142.8 (C-5=), and 151.9
(C-2=). FABMS (positive) � 365 [M�H]� (C20H28O6).

For �-arte-2,4-dichlorobenzylether (GRB-6), elution of the column
with n-hexane– ethyl acetate (95:5) yielded the oily compound GRB-6,
93% (wt/wt), Rf � 0.55 (7:3 n-hexane– ethyl acetate); IR �max � 1,592,
1,102, and 753 (Cl groups) cm�1; 1H NMR � � 0.92 (3H, d, J � 7.2 Hz,
H3-13), 0.95 (3H, d, J � 6.0 Hz, H3-14), 1.45 (3H, s, H3-15), 4.48 (1H, d,
J � 13.2 Hz, Ha-1=), 4.96 (1H, d, J � 13.2 Hz, Hb-1=), 4.94 (1H, d, J � 3.3
Hz, �H-12), 5.47 (1H, s, H-5), 7.24 (1H, dd, J � 8.4, 1.8 Hz, H-6=), 7.35
(1H, d, J � 8.4 Hz, H-7=), and 7.37 (1H, brs, H-4=); 13C NMR � � 13.3
(C-13), 20.5 (C-14), 24.7, 24.9 (C-2, C-8), 26.2 (C-15), 31.1 (C-11), 34.8
(C-9), 36.5 (C-3), 37.6 (C-10), 44.5 (C-7), 52.8 (C-1), 67.4 (C-1=), 81.2
(C-6), 88.3 (C-5), 100.2 (C-12), 104.4 (C-12), 127.2 (C-7=), 129.3 (C-4=),
129.8 (C-6=), 130.2 (C-3=), 133.8 (C-5=), and 135.0 (C-2=). FABMS (pos-
itive) � 443 [M�H]�, 465 [M�Na]� (C22H28O5Cl2).

�-Dihydroartemisininyl-4-chlorobenzoate (GRB-7) was obtained
from the column with n-hexane– ethyl acetate (95:5), yield � 91% (wt/

wt), Rf � 0.52 (7:3 n-hexane– ethyl acetate), colorless plates (n-hexane),
mp � 98 to 100°C; IR �max � 1733 (ester CO), 1,592, 1,090, and 758 (Cl
group) cm�1; 1H NMR � � 0.95 (3H, d, J � 7.2 Hz, H3-13), 0.98 (3H, d,
J � 5.7 Hz, H3-14), 1.42 (3H, s, H3-15), 5.52 (1H, s, H-5), 5.98 (1H, d, J �
9.9 Hz, �H-12), 7.41 (2H, d, J � 8.4 Hz, H-4=, H-6=), 8.01 (1H, d, J � 8.4
Hz, H-7=), and 8.08 (1H, d, J � 8.4 Hz, H-3=); 13C NMR � � 12.9 (C-13),
20.2 (C-14), 22.1 (C-8), 24.5 (C-2), 25.9 (C-15), 31.9 (C-11), 34.1 (C-9),
36.2 (C-3), 37.3 (C-10), 45.3 (C-7), 51.6 (C-1), 80.1 (C-6), 91.6 (C-5),
92.7 (C-12), 104.4 (C-4), 128.7 (C-4=, C-6=), 131.5 (C-3=, C-7=), 131.9
(C-2=), 139.8 (C-5=), and 164.4 (C-1=). FABMS (positive) � 423
[M�H]�, 445 [M�Na]� (C22H27O6Cl).

For �-dihydroartemisininyl 3,4,5 tri-O-methylgallate (GRB-15), di-
hydroartemisinin (1.0 g), trimethyl ether of gallic acid (1 g), N,N=-dicyc-
lohexylcarbodiimide (1 g), and the catalyst 4-dimethylaminopyridine
(160 mg) were stirred in dichloromethane (40 ml) for 4 h at room tem-
perature. The reaction mixture was prepared as described above. Elution
of the column with n-hexane– ethyl acetate (95:5), followed by crystalli-
zation from n-hexane–acetone (8:2), yielded GRB-15 76% (wt/wt), Rf �
0.36 (7:3 n-hexane– ethyl acetate), colorless plates (ethyl acetate), mp �
102 to 104°C; IR �max �1,727 (ester CO), 1,591, and 1,128 cm�1; 1H
NMR � � 0.91 (3H, d, J � 6.9 Hz, H3-13), 0.99 (3H, d, J � 5.7 Hz, H3-14),
1.44 (3H, s, H3-15), 3.88, 3.91, 3.92 (3H each, s, 3
OMe), 5.53 (1H, s,
H-5), 5.99 (1H, d, J � 9.6 Hz, �H-12), and 7.37 (2H, s, H-3=, and H-7=);
13C NMR � � 12.2 (C-13), 20.2 (C-14), 22.0 (C-8), 24.5 (C-2), 25.9
(C-15), 32.0 (C-11), 34.0 (C-9), 36.2 (C-3), 37.2 (C-10), 45.3 (C-7), 51.6
(C-1), 56.3 (2
OMe), 56.9 (OMe), 80.2 (C-6), 91.6 (C-5), 92.6 (C-12),
104.4 (C-4), 107.3 (C-3=, C-7=), 124.5 (C-2=), 142.5 (C-5=), 152.8 (C-4=,
C-6=), and 164.9 (C-1=). FABMS (positive) � 479 [M�H]� (C25H34O9).

Culture of H. pylori. Four ATCC standard strains (700392, 43504,
43629, and 49503) and six clinical isolates (80A, 121A, PCR-148, PCR-
155, PCR-156, and PCR-216) were used for in vitro studies and were
routinely cultured either in brain heart infusion (BHI) agar plates con-
taining 7% fetal calf serum (FCS), 0.5% IsoVitaleX (Becton Dickinson,
USA) and 0.0025% Dent (Oxoid, England) or in brucella broth (BB)
medium containing 0.0025% Dent and 5% FCS under a microaerophilic
environment (10% CO2, 85% N2, and 5% O2 and �95% relative humid-
ity) at 37°C for 48 to 72 h (11) in a double-gas CO2 incubator (Heraeus,
model HERAcell 240 or BB6020). For working purposes, either a 3-day-
old culture in BB containing 5% FCS and 0.0025% Dent (CFU at ca. 5 

107/ml) or freshly grown cells in BHI agar plates, scraped, and diluted in
BB (CFU at ca. 107 to 108/ml) was used. The strains were routinely stored
in BHI medium containing 20% glycerol (vol/vol) in �70°C for further
use. The Sydney strain SS1, used for in vivo studies, was grown and main-
tained as described above; however, for large-scale production, we used a
shake-culture method (detailed below). One ATCC standard strain,
700392, and all of the clinical strains were kindly provided by A. K. Muk-
hopadhyay, National Institute of Cholera and Enteric Diseases (NICED),
Kolkata, India. The Sydney strain SS1 was procured from J. O’Rourke,
University of New South Wales, Sydney, Australia. Standard strain ATCC
49503 was kindly provided by M. Sitaram Kumar, Dr. Reddy’s Labora-
tory, Hyderabad, India.

Disc diffusion sensitivity assay. For H. pylori susceptibility testing,
0.5-ml portions of the inoculum (�108 CFU/ml) for each of the strains
tested were flooded on freshly prepared BHI agar plates. Sterilized discs (5
mm in diameter), each containing either a test compound or a standard
antibiotic, were placed on the agar surface. The plates were incubated for
3 days in a microaerophilic atmosphere at 37°C. At the end of the incuba-
tion period, the inhibition zone diameter (IZD) was measured in centi-
meters (31). General antibacterial and antifungal activities were deter-
mined using 12 bacterial strains, including seven Gram-positive and five
Gram-negative aerobic bacteria and eight fungal species. A petri dish con-
taining 20 ml of either Mueller-Hinton (MH) agar (for bacteria) or Sab-
ouraud dextrose agar (for fungi) was spread plated with 100 	l of a 0.5
McFarland standard inoculum of the strain. Sterile discs (6 mm in diam-
eter) impregnated with the test compounds were placed on the plate,
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followed by incubation at 37°C for 24 h for bacteria or at 28°C for 48 h for
fungi (2). The IZDs were measured, and samples were graded accordingly.

Broth microdilution assay. Twofold serial dilutions of the test com-
pounds were prepared in a 96-well microtiter plate containing 100 	l of
MH broth supplemented with 5% FCS and 0.0025% Dent. A 3-day-old H.
pylori liquid culture was diluted 10 times in MH broth and 100 	l of this
was inoculated into each well to give a final concentration of ca. 5 
 105 to
1 
 106 CFU/well. The plates were incubated for 3 days in a microaero-
philic atmosphere at 37°C. After incubation, the plates were examined
visually, and the lowest concentration showing complete inhibition of
growth was recorded as the MIC of the respective material (13). Aliquots
(10 	l) of a 72-h-old culture, in which no growth had been detected, were
taken from the wells of the above microtiter plates and streaked onto fresh
BHI agar plates. The MBCs were determined by visual inspection of such
plates after further incubation for 72 h at 37°C. The titer point at which no
growth (fewer than 10 colonies) appeared was considered the MBC. Sam-
ples pretreated in acidic pH were also examined for MIC and MBC values
vis-à-vis the chemical stability. Briefly, a 1-ml stock (4 to 8 mg/ml) of any
sample was treated with 200 to 300 	l of 0.12 N HCl to bring the pH of the
solution to �2.0 and then kept for 24 h at 25°C. After 2 h, a part of such
acid-treated samples was serially diluted (2-fold) with medium in 96-well
microtiter plates to determine the MIC and MBC values (10), while the
other part was analyzed for acid stability at different time points (0, 1, 2,
and 24 h) by reversed-phase high-performance liquid chromatography
(HPLC) using the following operating conditions: a X Bridge C18 column
(250 by 4.6 mm [inner diameter], 5 	m), acetonitrile–water–1,4-dioxane
(65:32:3 [vol/vol/vol]), a flow rate of 1 ml/min, and a detector wavelength
of 235 nm (44).

Bactericidal kinetics. The rate and extent of killing of H. pylori by the
test compounds were assessed in liquid culture with constant shaking
(22). In 50-ml flasks, 5 ml of BB containing 5% FCS in the presence or
absence (control) of samples at 0 to 32 times the MIC was inoculated with
bacteria obtained from an overnight culture to yield an initial cell density
of �106 CFU/ml. The culture was shaken at 150 rpm inside the incubator
in an otherwise identical growth condition as stated before. At different
time points (0, 3, 6, 9, 12, 24, and 36 h), aliquots (100 	l) of culture were
taken out to monitor the growth by direct microscopic examination, and
the viable cells were counted by inoculating 10-fold serially diluted sus-
pensions onto BHI agar plates. Colonies were counted after 4 days of
incubation, and the bactericidal activities were assessed in terms of de-
crease in cell count (CFU/ml). The rate and extent of killing were deter-
mined by plotting viable counts (log10 CFU/ml) against time (h).

Drug resistance study. Samples were prepared as 2-fold serial dilu-
tions in MH broth containing 5% FCS and 0.0025% Dent in 96-well
microtiter plates. H. pylori strains (ATCC 43504 and clinical isolate 80A)
were inoculated into each dilution series at an inoculum size of ca. 106 to
107 CFU/ml. After 3 days of incubation, the culture from each series with
the highest concentration of test compound or antibiotic and also show-
ing turbidity was subcultured in a fresh series of the same sample. This
procedure was repeated for up to 10 cycles, and alterations in MICs during
the course of continued exposure were determined (17).

Combination effect of antibiotics with test compounds. Checker-
board titration was carried out using test samples and standard antibiotics
(CLR, AMX, and MNZ), alone or in combination, to determine fractional
inhibitory concentration (FIC) index (24, 49). The inoculum size and the
media and culture conditions were the same as those described for the
MIC determination by broth microdilution assay. The FIC indices were
interpreted as follows: �0.5 � synergy, �0.5 to �4.0 � nonsynergistic,
and �4.0 � antagonistic.

Ultrastructural alteration study. Sample processing was performed
essentially according to a published procedure (38). Briefly, H. pylori cells
(ATCC 43504), after exposure to test compound GRB-1 (1 	g/ml) for 24
h under microaerophilic condition at 37°C, were harvested by centrifuga-
tion, resuspended, washed in 0.1 M potassium phosphate buffer (pH 7.0),
and fixed at 4°C for 24 h by the addition of glutaraldehyde to a final

concentration of 2.5%. The samples were then rinsed with 0.1 M potas-
sium phosphate buffer, centrifuged at 9,000 rpm for 20 min (twice), and
postfixed with 1.0% osmium tetroxide in 0.1 M potassium phosphate
buffer overnight at room temperature. After a wash with the same buffer,
the samples were dehydrated multiple times in increasing concentrations
of ethanol and embedded in Spurr resin. Sections (30 to 50 nm thick) were
cut with a diamond knife on an ultramicrotome (Leica EM FC6) and
applied to copper grids. The grids were contrasted with uranyl acetate and
lead citrate. The sections were examined with a transmission electron
microscope (FEI Tecnai Spirit; FEI, Eindhoven, Netherlands) at an accel-
erating voltage of 60 kV.

Infection of mice with H. pylori strain SS1. Female C57BL/6J mice
(procured from National Institute of Nutrition, Hyderabad, India)
were used as the host, and the H. pylori SS1 strain was used as the
infecting agent. Experiments approved by the Animal Ethics commit-
tee of the Institute were carried out according to the guidelines pro-
vided to use the minimum number of animals for valid evaluation.
Each mouse (body weight, 20 to 24 g) was acclimatized in laboratory
conditions under a 12-h light-dark schedule for at least 2 weeks prior
to the experiment in a clean setup and fed standard pellets and water ad
libitum. Freshly cultured H. pylori SS1 from about four BHI agar plates
was scraped, inoculated into four 100-ml flasks containing 20 ml of
BHI broth supplemented with 5% FCS, 0.5% IsoVitaleX, and 0.0025%
Dent, and then incubated at 37°C in a microaerophilic environment
for 36 to 48 h with shaking at 60 rpm. After incubation, the cultures
were centrifuged at 5,000 rpm for 5 min, and the cell pellets were
pooled and resuspended in 2 ml of sterile BHI (�109 CFU/ml). Prior
to infection, the cultures were examined microscopically to confirm
purity and motility (mostly spiral rather than coccoid form). Animals
were inoculated orogastrically three times over a 5-day period with a
0.1 ml of suspension containing �108 organisms. At 2 weeks after
inoculation, the mice were randomly divided into four groups and
treated as follows: group 1 (eight animals) was the infection control
with no treatment, group 2 (six animals) received treatment with a
standard drug combination (triple-therapy omeprazole-CLR-MNZ
[OCM]), group 3 (six animals) received treatment with dual therapy
(CLR-MNZ [CM]), and group 4 (six animals) received treatment with
the test compound. The standard triple therapy was administered per-
orally twice daily for 7 days: omeprazole (400 	mol/kg/day) was fed 30
to 60 min before the administration of combined CLR (7.15 mg/kg/
day) and MNZ (14.2 mg/kg/day). The test sample (50 mg/kg/day) and
the antibiotics were suspended in 0.5% hydroxypropylmethylcellu-
lose. Each animal received the corresponding treatment twice daily for
7 days (46). Animals were sacrificed 36 h and 29 days, respectively,
after the cessation of treatment for the assessment of H. pylori coloni-
zation for clearance and eradication profiles. Assessment of remission
of infection was carried out as follows. One-half of each stomach was
dipped in urease reagent containing 10% urea and 0.05% phenol red in
phosphate-buffered saline (PBS) for qualitative assessment of rapid
urease activity. The other half of the stomach was used for the deter-
mination of viable counts. Weighed stomach halves were placed in 1
ml of BHI broth and homogenized gently in a hand homogenizer using
a Teflon pestle (10 strokes). Serial dilutions (both 10- and 100-fold)
were prepared in PBS. Aliquots containing various dilutions were
streaked onto fresh BHI agar plates and incubated for 3 to 5 days under
microaerophilic conditions at 37°C. Viable counts were expressed as
the log10 CFU/g of stomach tissue (wet weight).

Cytotoxicity assay using the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] method. HepG2 (human hepatocel-
lular carcinoma), MCF-7 (human breast adenocarcinoma), AGS (human
gastric adenocarcinoma), and RAW 264.7 (mouse leukemic monocytic
macrophage) cells, all procured from Infectious Diseases and Immunol-
ogy division of the Indian Institute of Chemical Biology (IICB), were
grown as monolayer cultures in Dulbecco modified Eagle medium sup-
plemented with 10% FCS and 1% penicillin-streptomycin by incubation
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in a humidified atmosphere of 5% CO2 and 95% air at 37°C. Mouse
peritoneal macrophages (MPM) were isolated from 6- to 8-week-old fe-
male BALB/c mice by peritoneal lavage with ice-cold PBS at 48 h after
intraperitoneal injection of 2.5 ml of sterile 4% starch suspension (9). The
cells were washed in cold PBS, resuspended in the medium described
above, and incubated at 37°C for 24 h. The nonadhering cells were then
removed by washing with PBS and prewarmed to 37°C. More than 95% of
the adherent cells were macrophages.

For evaluation of the cytotoxicity, cells were seeded in a 96-well mi-
croplate at 104 cells per well (105 cells/well for MPM) and cultured at 37°C
for 24 h for all of the cell lines except for MPM, which were incubated for
48 h. The test compounds were then added at the indicated concentra-
tions, using the solvent dimethyl sulfoxide (DMSO) as an untreated con-
trol, and further incubated for 48 h (24 h for MPM). At the end of the
treatment, MTT was added into each well at 0.2 mg/ml, followed by incu-
bation at 37°C for 4 h in dark (35). The culture medium containing MTT
was aspirated off, and dye crystals were dissolved in 100 	l of DMSO. The
viable cells were detected by reading the absorbance of formazan at 570
nm using a Bio-Rad microplate reader (model 680 XR; Bio-Rad Labora-
tories, CA). The results are expressed as the 50% inhibitory concentration
(IC50), the dose capable of killing 50% of the cells compared to the con-
trol.

Predictive values of biological properties. Physicochemical values
such as lipophilicity (log P) and plasma protein binding (PPB) values were
calculated by predicted mathematical methods using Cerius2 software,
version 4.10 (Accelrys, Inc., San Diego, CA), wherein the PPB levels are
defined as 0 (binding � 90%), 1 (binding � 90%), and 2 (binding �
95%). The log S values were calculated based on atom contribution ap-
proach (16).

RESULTS
Synthesis and screening of artemisinin derivatives against H.
pylori. During large-scale random screening of natural product
based molecules for anti-H. pylori potential, we had observed
artemisinin to exhibit a ca. 1.5- to 2.5-cm inhibition zone diame-
ter (IZD) at a dose of 1 to 5 	g/disc during antibacterial suscepti-
bility testing against both clinical and standard strains. The com-
pound also exhibited both potent bacteriostatic and bactericidal
activity (MIC � 1 	g/ml, MBC � 4 	g/ml). It did not show any
antibacterial activity against a few Gram-positive and Gram-neg-
ative bacteria (MIC � 8 	g/ml). All such primary observations,
made for the first time, tempted us to investigate further about the
therapeutic prospect of such sesquiterpene lactone endoperox-
ides. Since many synthetic analogues of artemisinin have been
prepared for the sake of designing an appropriate antimalarial
drug (25, 27, 42), it was of interest to examine such compounds
for the putative potential of anti-H. pylori therapeutics. Further,
looking at the primary results with known artemisinin analogues,
we attempted to synthesize a few more derivatives with a view to
generating more potent and useful anti-H. pylori molecules.

Artemisinin (GRB-17) was reduced with sodium borohydride
to prepare dihydroartemisinin (GRB-8). In this reduction step,
the lactone or C-12 carbonyl function of artemisinin was con-
verted to lactol (hemiacetal) function. Since presence of the lactol
function in dihydroartemisinin was reported to make the com-
pound a more potent antimalarial than artemisinin, we synthe-
sized a number of dihydroartemisinin ether/ester/12-dehydrated
derivatives focusing changes at the C-12 position (Fig. 1B). Alky-
lation of dihydroartemisinin with different alcohols gave rise to 10
new or known ether derivatives, among which artecyclopropyl-
methers (GRB-1 and GRB-16), artepipernoylether (GRB-9), arte-
cyclopentanylmether (GRB-10), artefurfurylether (GRB-5), and

arte-2,4-dichlorobenzylether (GRB-6) are new compounds. Next,
dihydroartemisinin was acylated to obtain three C-12 esters, of
which dihydroartemisininyl-4-chlorobenzoate (GRB-7) and di-
hydroartemisininyl-3,4,5-tri-O-methylgallate (GRB-15) are new.
The alkylated products obtained were predominantly �-isomers,
whereas the �-isomers were found to be the major products dur-
ing acylation process. The minor �-ether (except �-artemether)
and �-ester derivatives could not, however, be isolated. Dehydra-
tion of dihydroartemisinin afforded anhydrodihydroartemisinin
(GRB-13). All of the semisynthetic compounds were identified by
NMR (1H, 13C, DEPT, and COSY) and MS and by comparison
with data in the literature. The 1H and 13C NMR data of the eight
newly synthesized compounds (GRB-1, GRB-5, GRB-6, GRB-7,
GRB-9, GRB-10, GRB-15, and GRB-16) are reported here for the
first time.

The 17 test molecules (abbreviated as GRB-1 to GRB-17),
which included the two naturally isolated compounds artemisinin
(GRB-17) and artemisinic acid (GRB-12, not an endoperoxide,
however), were examined against six clinical isolates and four
ATCC standard strains using disc diffusion susceptibility assay.
Based on the experimental outcome with majority of the strains at
a 1-	g/disc dose, the samples were initially grouped as “strongly
active” with an IZD � 2.0 cm (GRB-1, GRB-2, GRB-4, and GRB-
5), “moderately active” with an IZD � 1.5 to 2.0 cm (GRB-3,
GRB-7, GRB-8, GRB-9, and GRB-10), and “active” with an IZD �
1.0 to 1.5 cm (GRB-6, GRB-11, GRB-12, GRB-13, GRB-14, GRB-
15, GRB-16, and GRB-17). Under identical conditions, clarithro-
mycin showed IZD values of 1.8 cm for the strains 80A and 121A
at 0.01 	g/disc, 1.0 to 1.5 cm for PCR-148, PCR-155, PCR-156,
and PCR-216 at 0.02 	g/disc, and 2.8, 2.0, 1.7, and 1.5 cm, respec-
tively, with strains 700392 (0.4 	g/disc), 43504 (0.04 	g/disc),
43629 (0.1 	g/disc), and 49503 (0.005 	g/disc). Evaluation of the
results in terms of range and average values revealed the rank
order to remain similar at both doses of 0.5 and 1.0 	g/ml (Table
1). Interestingly, we observed standard strains to exhibit better
susceptibility compared to clinical strains, particularly in the case
of less active molecules. The newly synthesized molecules GRB-1
and GRB-5 appeared more promising.

The anti-H. pylori potential of all of the compounds was fur-
ther assessed in terms of bacteriostatic and bactericidal potential
using a broth microdilution assay against all 10 strains (Table 2).
The molecules showing MIC50 values ranging from ca. 0.5 to 1.0
	g/ml and MBC50 values ranging from ca. 1 to 2 	g/ml were
separated out (GRB-1 to GRB-5 and GRB-14 to GRB-16). The
next best group comprised GRB-8 and GRB-13, which exhibited
MIC50 values from ca. 1 to 2 	g/ml and MBC50 values from ca. 2 to
4 	g/ml. A third group comprising GRB-7, GRB-9, GRB-11, and
GRB-17 showed MIC50s of 2 to 8 	g/ml and MBC50s of 4 to 8
	g/ml. Among the 17 compounds, GRB-6 and GRB-12 appeared
to be the least active molecules (both MIC50 and MBC50 � 8
	g/ml). However, if one considers the MIC range, the ester deriv-
atives GRB-14 and GRB-15 appear to be as potent as the ether
derivatives (GRB-1 to GRB-5). An assessment of anti-H. pylori
spectrum in terms of MIC90 values tends to indicate that ether
derivatives GRB-1 to GRB-5 have significant potential (MIC90 �
0.5 to 2 	g/ml). However, based on evaluation of the MBC range
and mean MBC values, GRB-5 appeared to be the most potent,
followed by GRB-1, GRB-3, GRB-4, and GRB-14. The mean MBC
value (in 	g/ml), if extrapolated in terms of the micromolar con-
centration, exhibited a remarkable similarity in rank order for all

Anti-H. pylori Activity of Artemisinin Analogues

September 2012 Volume 56 Number 9 aac.asm.org 4599

http://aac.asm.org


17 molecules. The relatively higher sensitivity of the less active
molecules toward standard strains, particularly ATCC 43629, was
pronounced in terms of the MIC and MBC also. Further, the ether
derivatives were found to be more active than esters. Summariz-
ing, we were successful in synthesizing few new compounds that
proved to be highly potent, such as GRB-1 and GRB-5.

Antimicrobial spectrum of artemisinin derivatives. With a
view to understanding the nature of specificity of such com-
pounds against H. pylori, a general antimicrobial pattern of all 17
molecules was evaluated using 12 bacterial strains and 8 fungal
species (Table 3). Between the two natural product molecules,
artemisinin (GRB-17) did not exhibit any significant zone of in-
hibition with the bacterial strains used, whereas artemisinic acid
(GRB-12) showed a somewhat strong inhibition of S. mutans, S.
aureus, methicillin-resistant S. aureus (MRSA), and S. epidermidis,
besides exerting mild inhibitory effect on three other bacterial
strains. Of the most potent anti-H. pylori derivatives (GRB-1 to
GRB-5), GRB-2 and GRB-4 did not show sensitivity to any of the
bacterial strains and therefore may be considered as specific anti-H.
pylori molecules. The compound GRB-3, however, showed mild
activity against E. coli, E. aerogenes, and S. aureus (J) (IZD � 1.2 to
1.6 cm). While GRB-5 exhibited high activity against S. aureus
(IZD � 1.8 cm) and mild activity against E. coli, S. mutans, S.
aureus (J), MRSA, S. epidermidis, and B. subtilis (IZD � 1.2 to 1.6
cm), GRB-1 showed relatively strong inhibition of S. aureus (J)
(IZD � 1.8 cm) and mild activity against E. coli, S. aureus and
MRSA (IZD � 1.6 cm). Standard antibiotics amikacin (30 	g/
disc) and ampicillin (10 	g/disc) showed IZDs of 1.2 to 2.4 cm and
1.0 to 1.6 cm, respectively, against all of the bacterial strains. Fur-
ther, when GRB-1, GRB-3, and GRB-5 were examined for MIC
values using a broth microdilution assay, none of the samples
showed activity below 100 	g/ml, where standard antibiotics ami-

kacin and ampicillin exhibited MIC ranges of 1 to 4 and 2 to 4
	g/ml, respectively.

Against a panel of eight fungal species, artemisinin and some of
its synthetic analogues (GRB-6, GRB-7, GRB-9 to GRB-11, GRB-
14, and GRB-15) were found to be inactive against all of the fungi.
However, potent anti-H. pylori derivatives such as GRB-1 to
GRB-5 exhibited mild activity against one strain, C. parapsilosis.
Standard antifungal fluconazole at 25 	g/disc exhibited IZDs of
1.0 to 2.0 cm against all of the fungal strains. An assessment of
MIC values of such five compounds against C. parapsilosis indi-
cated values of 62.5 to 125 	g/ml, where fluconazole exhibited an
MIC of 0.976 	g/ml. In contrast, the least anti-H. pylori-specific
compound, GRB-12, showed strong inhibition of Microsporum
gypseum and Epidermophyton floccosum and mild activity against
Candida albicans and C. parapsilosis. Therefore, the five active
anti-H. pylori analogues (GRB-1 to GRB-5) besides the parent
molecule (GRB-17) may be considered to have insignificant activ-
ity against such fungi.

Acid stability of artemisinin and some analogues. To be an
effective anti-H. pylori agent, the molecule is required to be stable
in a stomach acidic pH environment, because inactivation by low
pH may be a factor that contributes to the limited clinical effica-
cies of antimicrobial agents active in vitro against H. pylori. This is
particularly important in view of the report (21) that the acetal
(C-O) type artemisinin derivatives have shorter half-life in simu-

TABLE 2 Anti-H. pylori spectrum of artemisinin and its derivatives as
determined by broth microdilution assaya

Compound

MIC (	g/ml) MBC (	g/ml)

Range MIC50 MIC90 Range MBC50 Meanb

GRB-1 0.25–1 1 1 1–16 2 3.7 (10.95)
GRB-2 0.5–4 1 2 0.5–�16 4 5.25 (16.83)
GRB-3 0.5–1 0.5 0.5 1–�16 1 4.1 (13.76)
GRB-4 0.5–2 0.5 1 0.5–�16 1 3.0 (10.07)
GRB-5 0.5–1 0.5 1 0.5–4 1 1.85 (5.08)
GRB-6 4–�128 �8 �128 �8–�128 �32 37.6 (84.90)
GRB-7 2–8 2 4 2–16 8 6.8 (16.08)
GRB-8 0.5–8 2 4 1–�8 4 4.5 (15.85)
GRB-9 1–8 4 8 2–�8 8 7.0 (16.75)
GRB-10 2–�128 �8 �128 4–�128 �16 33.2 (90.70)
GRB-11 4–�128 8 �128 8–�128 �8 36.8 (77.64)
GRB-12 32–�128 64 �128 128–�128 �128 128 (547)
GRB-13 1–8 2 8 1–�8 4 4.7 (17.60)
GRB-14 0.25–4 0.5 4 1–16 2 4.1 (10.68)
GRB-15 0.5–4 1 4 1–32 4 8.8 (18.41)
GRB-16 0.5–8 1 8 0.5–32 2 8.05 (23.82)
GRB-17 0.5–�8 2 8 1–�32 8 13.3 (47.16)
CLR 0.016–0.064 0.032 0.064 0.032–0.128 0.064 0.080 (0.107)
AMX 0.016–0.064 0.032 0.064 0.032–1 0.128 0.225 (0.616)
MNZ 1.56–100 25 100 6.25–�100 50 50.375 (294.6)

a For the clinical strains 80A and 121A and the reference strains 700392, 43504, and
49503, the compounds were examined in the range from 8 to 0.125 	g/ml (except for
GRB-12, for which a dose range of 128 to 2 	g/ml was used), and for strains PCR-148,
PCR-155, PCR-156, PCR-216, and ATCC 43629, for which a dose range of 128 to 0.125
	g/ml was used.
b Data in parentheses represent mean MBCs in micromolar (	M) concentrations.

TABLE 3 Antibacterial and antifungal activities of artemisinin and its
derivativesa

a Discs were impregnated with 80 	g and 160 	g of the compounds to assess
antibacterial and antifungal activities, respectively. The values for IZD were graded, and
the results have been presented in a spectrum format as follows: IZD � 1.2 cm , not
active (white); IZD � 1.2–1.6 cm, intermediate active (grey); and IZD � 1.6 cm, active
(black).
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lated stomach acidic environment. Therefore, the acid stability of
a few potent compounds such as GRB-1 to GRB-5 and also arte-
misinin (GRB-17) was assessed in terms of functional competency
(MIC/MBC determination) vis-à-vis chemical degradation
(HPLC analysis). Upon acid treatment, there was no perceptible
increase in the MIC and MBC values of such molecules in general
when examined against both the ATCC standard strain 43504 and
the clinical isolate 80A (Table 4). Only a 2-fold increase in MIC
value was observed with GRB-4, GRB-5, and artemisinin against
both strains, whereas the molecule GRB-1 showed a 2-fold in-
crease in MIC against ATCC 43504 alone. The bactericidal activ-
ity, on the other hand, did not vary with any of the tested com-
pounds when the standard strain was used. However, a 2-fold
increase in MBC value against clinical strain was noted in the case
of GRB-1, GRB-2, and GRB-4.

HPLC analysis of the molecules, as determined before and after
the addition of HCl at different time points (i.e., after 0, 1, 2, and
24 h of exposure), indicated ca. 1 to 10% decomposition at up to 2
h of exposure at pH 2.0 in 0.1 N HCl at 25°C (Table 4). However,
some of these compounds do get degraded to higher extents after
24 h of exposure under identical acidic conditions (GRB-2 exhib-
ited ca. 80% degradation; GRB-1, GRB-4, and GRB-5 showed ca.
20 to 30%), as was observed by others (21). It seems that the
decomposition of the molecules under simulated acidic condi-
tions is negligible up to 2 h, and this corroborates well with the
insignificant changes in MICs and MBCs observed upon acid
treatment. This implies that such potent molecules are expected to
be functionally active in a stomach acidic environment except for
GRB-2. It should be remembered that under acidic conditions,
acetal-type derivatives are expected to generate dihydroartemis-
inin (GRB-8), which is an intermediate-type anti-H. pylori mole-
cule. The equilibrium mixture of the putative drug and the com-
pound GRB-8 could thus act as a functionally effective molecule as
the pH of the stomach oscillates between 2.0 and 6.8.

Killing kinetics. The rate and extent of killing of H. pylori by
artemisinin along with its five potent analogues, namely, GRB-1 to
GRB-5, were assessed against the reference strain ATCC 43504
with a view to assessing their effectiveness as bactericidal agents
(Fig. 2). The experiments were initiated using 106 to 107 CFU/ml.
The control growth pattern was as follows: an initial slow-growth
period for up to 12 h, followed by exponential growth over 12 to 24

h. After this, the growth remained stationary for another 12 h or
so, and then a decline phase slowly started. With compound
GRB-1 (MIC � 1 	g/ml), a 1-log decrease in cell count was ob-
served within 12 h, which culminated in complete killing at 24 h at
0.5
 MIC. At 1
 MIC and higher, total killing was attained well
before 20 h (Fig. 2A). With the sample GRB-2 (MIC 0.5 	g/ml),
only marginal killing effect was observed at 24 h at 1
 MIC and
2
 MIC doses, but complete killing was achieved at �36 h. At 4

MIC and above, a 1-log decrease in cell count was observed within
12 h, and complete killing was ensured within 24 h (Fig. 2B). With
another ether derivative GRB-3 (MIC 1 	g/ml), bacteriostatic ac-
tivity was observed till 12 h at 0.5
 MIC, followed by some in-
crease in growth till 48 h, indicating no effect at this half-MIC
dose. At 1
 MIC or 2
 MIC, no inhibition was observed till 24 h.
However, dose-dependent decrease in cell count was observed at
or near 48 h. At 4
 MIC, a 1-log decrease in cell count was ob-
served after 24 h, with total killing at 48 h (Fig. 2C). The �-isomer
GRB-4 (MIC 1 	g/ml) exhibited an almost identical kill kinetics
profile (Fig. 2D) as its �-isomer GRB-3. With the sample GRB-5
(MIC 0.5 	g/ml), dose-dependent inhibition was observed within
6 h; a 1-log decrease in cell count was evident with 4
 MIC. At
0.5
 MIC, 1- and 2-log decreases in cell count were observed at 12
and 24 h, respectively, which remained static till 48 h. Complete
killing of bacteria was observed at 1
 MIC to 4
 MIC at 36 h (Fig.
2E). The natural molecule artemisinin at the MIC dose or double
the MIC dose could not kill the bacteria over the entire period of
incubation (data not shown). However, at a 4
 MIC dose (4 	g/
ml), it could reduce the bacterial count to some extent at 24 h and

FIG 2 Kill kinetics of H. pylori ATCC 43504 by artemisinin and its five potent
derivatives. Time- and dose-dependent killing of the bacteria by artemisinin
derivatives GRB-1, GRB-2, GRB-3, GRB-4, and GRB-5 (panels A to E, respec-
tively) and artemisinin (GRB-17) (F) were evaluated. The MICs of GRB-17,
GRB-1, GRB-3, and GRB-4 were considered as 1 	g/ml and that of GRB-2 and
GRB-5 was considered as 0.5 	g/ml. Symbols: �, control; Œ, 0.5
 MIC; �,
1
 MIC; o, 2
 MIC; p, 4
 MIC; �, 8
 MIC; �, 16
 MIC; ✚, 32 
 MIC.

TABLE 4 Determination of acid stability of artemisinin and its five
potent derivativesa

Sample

MIC (	g/ml) MBC (	g/ml) % Decomposition
during acidic
exposure for:Normal Acid treated Normal Acid treated

80A 43504 80A 43504 80A 43504 80A 43504 0 h 1 h 2 h 24 h

GRB-1 2 0.5 2 1 2 1 4 1 8 5 5 18
GRB-2 1 0.5 1 0.5 2 0.5 4 0.5 5 24 25 77
GRB-3 1 1 1 1 2 2 2 2 4 6 5 2
GRB-4 1 0.5 2 1 1 1 2 1 2 1 1 18
GRB-5 2 2 4 4 8 4 8 4 6 0 4 31
GRB-17 2 2 4 4 8 4 8 4 4 5 0 6

a Acid treatment (pH 2.0) of the compounds was carried out for 24 h at 25°C. For MIC/
MBC determination by broth microdilution assay, acid-treated (2 h) and untreated
samples were serially diluted (2-fold) in 96-well microtiter plates in duplicate
containing a total volume of 0.1 ml of Mueller-Hinton broth supplemented with 5%
FCS and 0.0025% Dent. The chemical decomposition was assessed using HPLC by
estimating the reduction in peak areas at the indicated time points (“0 h” means just
upon addition of HCl) with respect to untreated controls.
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drastically kill the bacteria at the end of 48 h. Using still higher
doses of 8
 MIC, 16
 MIC, and 32
 MIC, only a 2-log decrease
in cell count was observed after 24 h, although total killing was
attained only at 48 h (Fig. 2F). Summarizing, GRB-1 appeared to
be the strongest anti-H. pylori molecule among the potent com-
pounds tested, as far as the killing efficacy is concerned. At a dose
range of 1 to 4 	g/ml, it induced complete killing of the bacteria
within 20 h, whereas at 0.5 	g/ml complete killing was observed
only after 24 h. GRB-5 appeared to be the next most effective,
exhibiting complete killing at 0.5 to 2 	g/ml after 30 h. The third
promising candidate is GRB-2, which at 0.5 to 1 	g/ml killed the
bacteria within 36 h, while at the higher dose of 2 to 8 	g/ml the
same was achieved at �24 h. The compounds GRB-3 and GRB-4,
on the other hand, appeared to be less active among these potent
molecules in exhibiting their bactericidal potential. To summa-
rize, all of the compounds exhibited true bactericidal activity (�3-
log decrease in viable cell count) after 24 h and are more effective
than the natural molecule artemisinin (GRB-17) as far as killing
efficacy is concerned.

Resistance development. Considering drug resistance as the
primary cause of failure of H. pylori treatment, artemisinin (GRB-
17) and its five potent derivatives (GRB-1 to GRB-5) were exam-
ined for the possible development of insensitivity toward the bac-
teria upon repeated subculture (Fig. 3). Employing one reference
strain, ATCC 43504, and one clinical isolate, 80A (both MNZ
resistant), 10 repeated transfers of the bacteria were carried out.
No change in MIC value of the derivative GRB-2 was observed
with the standard strain ATCC 43504, whereas only a marginal
increase (2-fold) was noted with artemisinin, GRB-1, GRB-3,
GRB-4, and GRB-5 (Fig. 3A). Against clinical strain 80A, the de-
rivative GRB-3 did not show any alteration in its MIC value, but
others showed 2-fold increase (Fig. 3B). With the standard anti-
biotic CLR, the MIC was observed to increase 4-fold in both
strains. Although the AMX MIC did not change for the reference
strain, it increased 4-fold for the clinical strain. With MNZ, the
MIC increased in both the strains, but more particularly with the
clinical strain (8-fold). It therefore appears that artemisinin and
its five potent analogues, particularly GRB-2 and GRB-3, would

not exhibit any significant development of resistance in strains
that are resistant to the standard antibiotic MNZ.

Combination effect of antibiotics with artemisinin and
GRB-1. To assess whether such molecules can manifest a syner-
gistic effect with antibiotics used to treat H. pylori infection, a
checkerboard titration analysis was carried out against a panel of
10 strains using the most potent derivative GRB-1 and the natural
compound artemisinin (GRB-17). Of the 10 strains used for this
investigation, all six clinical isolates and one standard strain
(ATCC 43504) are MNZ resistant (MIC � 12.5 	g/ml), whereas
all of the strains are CLR and AMX sensitive. As evident from
Table 5, artemisinin and its semisynthetic derivative GRB-1 ex-
hibited a nonsynergistic effect when combined with CLR, AMX,
or MNZ. Interestingly, GRB-1 showed synergism with AMX in the
case of 10% strains (FIC index 0.345). Upon analyzing the data, it
was found that the artemisinin-MNZ combination exhibited an
FIC index of 0.75 that is close to synergy in 40% of the strains, all
of them being MNZ resistant. On the other hand, the GRB-1 and
MNZ combination seemed to be approaching synergy for display-
ing an FIC index of 0.56 to 0.75 in 70% strains where as many as
five of seven strains are MNZ resistant. Further, the combination
of GRB-1 and CLR exhibited similar effects in half of the strains
with an FIC index of 0.75. This may be taken to mean that the
addition of artemisinin or its derivative GRB-1 with MNZ under

FIG 3 Development of resistance to artemisinin, its five potent derivatives, and standard antibiotics in ATCC 43504 (A) and clinical isolate 80A (B). The results
for artemisinin (�), GRB-1 (Œ), GRB-2 (�), GRB-3 (}), GRB-4 (Œ), GRB-5 (o), CLR (�), AMX (�), and MNZ (�) are presented.

TABLE 5 Checkerboard titration assay of artemisinin and GRB-1 in
combination with antibioticsa

FIC index (interpretation)

No. (%) of isolates

GRB-17 (artemisinin) GRB-1

CLR AMX MNZ CLR AMX MNZ

�0.5 (synergy) 0 0 0 0 1 (10) 0
�0.5 to �4.0

(nonsynergistic)
10 (10) 10 (10) 10 (10) 10 (10) 9 (10) 10 (10)

�4.0 (antagonism) 0 0 0 0 0 0
a Checkerboard titration for determining synergism between artemisinin (GRB-17) or
GRB-1 with standard antibiotics against 10 H. pylori strains was performed using a
broth microdilution assay.
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in vitro conditions has resulted in the development of sensitivity in
MNZ-resistant strains. For example, the standard strain ATCC
43504 is MNZ resistant (MIC 50 	g/ml) but, in combination with
1 	g of GRB-1/ml, the MIC value of MNZ was reduced to 6.25
	g/ml, resulting in an FIC index of 0.625. The MIC value of MNZ
thus decreased 8-fold, indicating that GRB-1 in combination with
MNZ can enhance the activity of the antibiotic against resistant
strains. The same observation was noted against clinical strain
80A, where MNZ alone showed an MIC of 50 	g/ml, while in
combination with GRB-1 (1 	g/ml), the MIC value decreased to
6.25 	g/ml. In the case of MNZ-sensitive H. pylori, the MIC values
of two of three strains were found to decrease 8- to 16-fold,
whereas in all 10 CLR-sensitive strains a 4-fold decrease in MIC
values of CLR was observed with half of the strains. Taking all of
these results into account, it is evident that both GRB-1 and
GRB-17 lack the potential to exhibit synergism with the three
antibiotics tested.

Effect on morphology. The morphological alterations of H.
pylori were assessed after exposing the standard strain ATCC
43504 to 1 	g of GRB-1/ml for 24 h under shake-culture condi-
tions. Transmission electron micrographs demonstrated that
GRB-1 treatment induced swelling and vacuole-like structures in
the cell cytoplasm (Fig. 4B and C), whereas the control cells (i.e.,
without any drug [Fig. 4A]) remained rod-shaped (Fig. 4Aa and
Ab) with intact flagella (Fig. 4Ac). Exposure to GRB-1 trans-
formed the shape and size of the organism from a bacillus- to a
doughnut-shaped form. The majority of the bacteria became
curved (Fig. 4Bb) and some even full coccoid (Fig. 4Bc) shaped.
The detachment of the outer cell membrane was evident in a few
of the population, and other features, such as the ingrowth of
periplasmic membranes (Fig. 4Ba), an increase in the periplasmic
cylinder (Fig. 4Ca and Cb), and the invagination of membranes,
were typically observed. The ultrastructural changes associated
with GRB-1 treatment also includes detachment of the outer
membrane from the inner membrane and an increase in the
periplasmic space filled with the electron-rich region. Moreover,
the outer envelop became detached from the inner side of the
bend, leading to extensive deformity.

In vivo effect. We finally wanted to probe the potent molecule
GRB-1 for its in vivo potential in the H. pylori-induced infection
model in terms of clearance and eradication. Using C57BL/6J
mice in four treatment groups—infection controls (8 mice), tri-
ple-therapy omeprazole-CLR-MNZ (6 mice), double therapy
CLR-MNZ (6 mice), and monotherapy with GRB-1 (6 mice)—we
wanted to compare the standalone efficacy of GRB-1 with triple or
double therapy. In terms of clearance as measured 36 h after the
last treatment (Fig. 5A), the OCM- and the CM-treated groups
exhibited significant attenuation of bacterial load (means of
1.20 
 104 CFU/g and 1.40 
 104 CFU/g tissue, respectively) as
determined by a negative rapid urease test (one animal in the
OCM group died during the treatment period), whereas the con-
trol mice were found to get substantially infected (mean of 1.18 

107 CFU/g tissue) and showed a urease-positive reaction. In three
GRB-1-treated animals sacrificed for the clearance study, the bac-
terial counts were 3.70 
 105, 9.22 
 106, and 5.69 
 106 CFU/g of
tissue (average, 5.09 
 106 CFU/g tissue). Although two stomach
tissues showing higher count were urease negative, one that exhib-
ited a lower count was, however, found to be urease positive. For
the eradication experiment (Fig. 5B), the remaining mice were
sacrificed 29 days after last treatment (one mouse in the CM

group, however, died during the intervening period). The bacte-
rial load in the infection controls reached still-higher levels (mean
of 1.39 
 108 CFU/g tissue; all urease positive), indicating success-
ful colonization by H. pylori under these experimental conditions.
Substantial eradication of the H. pylori burden was perceptible in
OCM-treated animals (mean cell count of 1.17 
 104 CFU/g tis-
sue), wherein the corresponding tissues were also urease negative.
In the CM-treated group, although almost total eradication
(1.50 
 104 CFU/g) was observed in one mice (urease negative),
the other one exhibited a higher bacterial count (1.00 
 107

CFU/g of tissue) with positive urease tests. It was reported earlier
that omission of omeprazole in the OCM triple therapy is not
efficient enough to prevent the relapse of bacterial colonization at
longer durations (46). In the three GRB-1-treated mice, the bac-
terial counts were 9.30 
 106, 5.60 
 105, and 9.50 
 105 CFU/g of
tissue (average of 3.60 
 106 CFU/g of tissue). All three tissues
however remained urease positive. It seems that treatment with

FIG 4 Transmission electron micrograph of H. pylori exposed to GRB-1. H.
pylori ATCC 43504 cells were incubated with 1 	g of GRB-1/ml (shown at
11,500
 magnification [B and C]) or in the absence (at 8,200
 magnification
[A]) for 24 h under microaerophilic condition at 37°C. The typical ingrowth of
periplasmic membranes (Ba), swelling and conversion to U shape (Bb), invag-
ination of membranes to form full coccoid (Bc), increase in periplasmic cylin-
der (Ca and Cb), and bilayer coccoid (Cc) are shown (arrow) as signs of
structural deformity in the marked field (bar, 2 	m). The control cells exhibit
rod shape (Aa) and polar membranes (Ab) attached to flagella (Ac) (arrow)
(bar, 2 	m).
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GRB-1 alone at 50 mg/kg/day (single therapy) could reduce the H.
pylori load in vivo to some extent during clearance stage and per-
haps a little more at the eradication stage. Such indications using
monotherapy are encouraging, especially since this novel artemis-
inin derivative did not elicit any toxicity at this dose, whereas we
typically observed diarrhea-like symptom in most of the animals
treated with OCM and CM.

In vitro cytotoxicity evaluation. In order to assess the cytotox-
icity, all 17 molecules were tested against five different cell lines.
Except for GRB-10 and GRB-11, most of the compounds, such as
GRB-1 to GRB-5, GRB-12, GRB-13, GRB-16, and GRB-17 (arte-
misinin), appeared to be safe since none of them showed any
potential cytotoxic effect around their MBC50 values against H.
pylori (Table 6). The cytotoxicity values obtained with GRB-8,
GRB-14, and GRB-17 correlate well with the experimental find-
ings of other groups (see, for example, reference 5), and hence the

activity of eight new molecules, including GRB-1 to GRB-5, could
be accepted as valid. The compounds GRB-6 to GRB-9, GRB-14,
and GRB-15 can be considered intermediate cytotoxic. Neverthe-
less, in the tumor macrophage cell line (RAW 264.7), but not in
the normal macrophage primary culture, the majority of the mol-
ecules exhibited cytotoxicity. The potential lethal effects of most
of the compounds against RAW 264.7 cell lines indicate that all of
the compounds probably have dramatic effect on tumor-associ-
ated macrophages where the cells automatically develop anti-in-
flammatory cytokines such as interleukin-10 and show signs of
tissue repair functions (14). In contrast, none of the compounds
exerted cytotoxic effects against normal mouse macrophage cell
lines (which generate huge amounts of proinflammatory cyto-
kines, express elevated levels of major histocompatibility complex
molecules, and are powerful killers of pathogens and tumor cells).

Pharmacokinetic property predictions. The compounds

FIG 5 In vivo effect of GRB-1, dual therapy (CM [clarithromycin and metronidazole]), and triple therapy (OCM [omeprazole, clarithromycin, and metroni-
dazole]) on H. pylori infection in C57BL/6J mice. Clearance (A) indicates reduction in bacterial load 36 h after the cessation of treatment, whereas eradication (B)
indicates the same 29 days after the treatment (reduction in bacterial load in terms of 8 mice for the infection control, five each for OCM and CM, and six for
GRB-1, 50 mg/kg/day). The animals were sacrificed after 36 h (4 mice for the infection control, 2 mice for OCM, 3 mice with CM and GRB-1 each) and 29 days
(4 mice for the infection control, 3 mice for OCM, 2 mice for CM, and 3 mice GRB-1) after the last treatment. Each point represents the viable count obtained
from each animal in the particular group.

TABLE 6 Cytotoxic activity and pharmacokinetic parameters of the test compoundsa

Sample code
(mol wt)

H. pylori activity
(MBC50 [	g/ml])

Cytotoxicity (IC50 [	g/ml]) Pharmacokinetic parameters

HepG2 MCF-7 AGS RAW 264.7 MPM log P log S PPBb (%)

GRB-1 (338) 2 �100 50 50 10 �100 4.0407 –4.17808 �90
GRB-2 (312) 4 �100 75 75 10 100 3.6733 –3.87658 �90
GRB-3 (298) 1 �100 �100 �100 75 �100 3.3308 –3.54937 �90
GRB-4 (298) 1 �100 100 100 75 �100 3.3308 –3.54937 �90
GRB-5 (364) 1 �100 50 75 10 75 4.0558 –5.06884 �90
GRB-6 (443) �32 75 100 75 5 50 6.1434 –6.78585 �95
GRB-7 (423) 8 �50 100 100 5 75 5.6125 –6.31709 �95
GRB-8 (284) 4 �50 50 100 5 100 3.0525 –3.20419 �90
GRB-9 (418) 8 75 50 50 5 �100 4.4419 –5.27237 �95
GRB-10 (366) �16 75 50 30 0.5 75 4.8333 –5.20852 �90
GRB-11 (474) �8 �100 0.5 0.5 0.5 75 7.1118 –9.07303 �95
GRB-12 (234) �128 100 �100 �100 100 �100 3.4474 –4.21376 �90
GRB-13 (267) 4 �100 100 100 100 �100 3.2401 –2.97035 �90
GRB-14 (384) 2 50 100 100 1 10 2.9735 –3.57458 �90
GRB-15 (478) 4 50 100 100 1 50 4.3364 –5.73394 �95
GRB-16 (338) 2 �100 100 100 10 100 4.0407 –4.17808 �90
GRB-17 (282) 8 �100 �100 �100 �100 �100 3.0853 –3.47168 �90
Mitomycin C 1.1 6.8 2.5 3.3
a For evaluation of cytotoxicity by an MTT assay, test compounds and the standard mitomycin C were examined over dose ranges of 100 to 0.5 	g/ml and 16.7 to 0.17 	g/ml,
respectively. The pharmacokinetic parameters were calculated by using Cerius2 software, version 4.10.
b PPB, plasma protein binding.
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showed lipophilicity, with log P values in the range of 2.9735 to
7.1118, and aqueous solubility, with log S values in the range of
�2.97035 to �6.78585. GRB-6, GRB-7, and GRB-11 were the
most lipophilic compounds of the series and thus considered not
appropriate for drug therapy. Interestingly, the five potent anti-H.
pylori molecules (GRB-1 to GRB-5), along with artemisinin
(GRB-17) and dihydroartemisinin (GRB-8), exhibited log P val-
ues in the range of 3.0853 to 4.0558 and log S values in the range of
�3.20419 to �5.06884, indicating their potential as candidate
drugs (Table 6). Plasma protein binding (PPB) levels determine
the extent to which a compound is likely to be bound with the
protein fraction of blood. This influences the half-life of the com-
pound in the body and hence is an important parameter. Most of
the molecules exhibited acceptable PPB levels with a binding
efficiency of �90% (PPB level 0), including artemisinin, dihydro-
artemisinin, and the five potent compounds. GRB-10 had an effi-
ciency of �90% (PPB level 1) and GRB-6, GRB-7, GRB-9, GRB-
11, and GRB-15 had an efficiency of �95% (PPB level 2),
indicating a lower probability of free drug concentration at the site
of action and hence were considered less suitable for drug therapy.

DISCUSSION

Considering the widespread and commensal nature of H. pylori
and the rate at which resistance to some of the more common
antibiotics used in H. pylori treatments manifests jeopardizing
their effectiveness in managing other infections (7, 26, 32, 34), it is
necessary to look for chemotherapeutic agents that should be both
effective and safe in eradicating both antibiotic-susceptible and
-resistant strains. A novel anti-H. pylori drug should (i) exert po-
tent and selective antibacterial action against both clinical and
standard H. pylori strains, (ii) be stable at the acidic pH of the
stomach, (iii) show antibacterial action against CLR-resistant and
MNZ-resistant strains, (iv) not lead to the development of drug
resistance, (v) possess wide safety, and (vi) be easily affordable.
The present investigation was therefore designed to find potent
anti-H. pylori molecules and also to consider their functional use-
fulness in identifying prospective candidate leads.

Based on our serendipitous observation that artemisinin could
be effective against H. pylori, we evaluated a series of semisynthetic
analogues, including a few newly synthesized molecules, with a
view to profiling their anti-H. pylori features. When screened for
their potential in terms of disc diffusion sensitivity, the MIC and
MBC values against a panel of clinical and standard strains of H.
pylori, 5 of 17 compounds, namely, �-artecyclopropylmether,
�-arteether, �-artemether, �-artemether, and �-artefurfurylether
(GRB-1 to GRB-5) proved to be reasonably prospective (Tables 1
and 2). Such strongly active compounds can be considered spe-
cific anti-H. pylori agents because all of them demonstrated a lack
of sensitivity against the majority of other bacterial and fungal
strains tested, barring perhaps C. parapsilosis; �-artefurfurylether,
however, exhibited the highest antimicrobial activity of the five
molecules (Table 3). Looking at the structural features of the com-
pounds, it seems that a small, nonpolar, �-oriented C-12 substit-
uent besides the endoperoxide linkage confers higher activity. Pre-
sumably, the �-substituent, having the same orientation as the
peroxo bridge, offers steric hindrance and interferes with the ac-
tivity.

We performed a series of experiments with these five alkoxy
derivatives to probe their functional efficacy. The derivatives
showed no significant changes in their MIC and MBC values even

after exposure to acidic pH (Table 4). This finding is in contrast to
CLR, for which the MIC/MBC increases with a decrease in pH (8),
necessitating the enhancement of the stomach pH by gastric anti-
secretory agents such as H2 receptor blockers or proton pump
inhibitors for the effective clearance and eradication of H. pylori-
induced gastroduodenal ulcers by the antibiotics (46). Thus, func-
tional competency at a stomach acidic pH would augur well for
such smaller alkoxy derivatives of artemisinin. Second, all five
molecules showed potential activity even against resistant strains,
a desirable attribute for any putative anti-H. pylori agent. This is
more important because of the indiscriminate use of antibiotics
such as CLR, AMX, tetracycline, and particularly MNZ for curing
H. pylori-induced gastric ulcer, leading to the development of re-
sistance to this organism (7, 12, 26, 32). Third, the killing efficacy
of artemisinin and its five derivatives indicated �-artecyclopropy-
lmether as the most potent molecule, which killed bacteria within
24 h at 0.5 	g/ml and within 20 h at �1 	g/ml (Fig. 2A). The next
effective molecule is �-artefurfurylether, which showed killing
within 36 h at doses of 0.5 to 2 	g/ml (Fig. 2E). Interestingly,
�-artecyclopropylmether was found to be much less active than its
�-isomer (data not shown). Fourth, the five potent compounds
did not show any tendency to develop resistance against either the
clinical isolate or standard strain (Fig. 3). Thus, such molecules
would not be expected to develop any resistance and, therefore,
could prove useful in treating H. pylori infection successfully, par-
ticularly in low socioeconomic settings where majority of the iso-
lated strains were found to be antibiotic resistant (7, 33, 34). It was
of further interest to see whether such activity is due to the man-
ifestation of urease inhibition as H. pylori surface is richly coated
with urease and is considered as a putative target in designing
potential anti-H. pylori principles (28). However, artemisinin and
the potent five analogues did not inhibit H. pylori urease in vitro
(data not shown).

A comparative viewing of these five derivatives in terms of IZD,
MIC, and MBC values, as well as the four experimental outcomes
described above, indicated that in majority of the experiments,
both �-artecyclopropylmether and �-artefurfurylether proved to
be superior compared to �-arteether, �-artemether, and �-arte-
mether. However, in terms of killing efficacy, �-artecyclopropyl-
mether proved to be the most potent. We therefore further exam-
ined this lead molecule for its capacity to induce morphological
deformity, show synergism with anti-H. pylori antibiotics, and
reduce the H. pylori burden in vivo. The phenotypic changes of the
bacteria in terms of morphological transformation from rod to
spiral to coccoid form, and the cytological alteration, leading to
the formation of swelling and vacuole-like structures in the cyto-
plasm with detachment of outer cell membranes (Fig. 4) have been
discernible in the presence of �-artecyclopropylmether. Next, a
checkerboard titration assay indicated that �-artecyclopropyl-
mether in combination with MNZ under in vitro condition exhib-
ited the development of sensitivity in MNZ-resistant strains, sug-
gesting its potential as a therapeutic agent against resistant strains,
although the compound could not qualify as synergistic with any
of the antibiotics tested (Table 5). The molecule, however, exhibits
a somewhat mild in vivo potential as a single therapeutic agent in
the chronic H. pylori infection model at a dose of 50 mg/kg/day
(Fig. 5). It remains to be seen whether it can substitute one or both
antibiotics in triple OCM therapy or at least reduce the dose re-
quirement of such gastric irritant antibiotics. Since artemisinin
and other derivatives, including �-artecyclopropylmether, did
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not exhibit gastric anti-H�,K�-ATPase activity (data not shown),
we do not anticipate the molecule to replace omeprazole in triple
therapy. Further experiments are required to be carried out with
�-artecyclopropylmether and CLR-MNZ in a combination for-
mat and also as a function of dosage. Although the majority of the
in vivo validation experiments with newly discovered anti-H. py-
lori principle(s) tend to indicate the necessity of simultaneous use
of one or two conventional antibiotics, albeit with lower doses
(24), success with monotherapy has also been reported (22).

In an attempt to see the role of antimalarial drugs devoid of
peroxide linkage, we have examined seven commonly used anti-
malarials, namely, quinine, chloroquine, primaquine, pyrimeth-
amine, lumefantrine, piperaquine, and mefloquine, against one
clinical strain (80A) and one standard strain (ATCC 49503) of H.
pylori. Barring mefloquine (MIC � 16 to 32 	g/ml) and pyri-
methamine (MIC � 32 to 64 	g/ml), none could exert any signif-
icant anti-H. pylori potential. It may not be out of place to men-
tion here that a recent epidemiological study in child refugees in
Western Australia indicated that premigration antimalarial treat-
ment significantly reduced the odds of H. pylori infection after
adjusting for age and sex and therefore predicted a protective ef-
fect of antimalarials against H. pylori infection (6). An earlier in
vitro study with backpackers from developed countries after travel
to tropical countries indicated that mefloquine, a traveler’s choice
antimalarial, has anti-H. pylori activity (39). Whereas the latter
study corroborates the findings described above, the former study
indirectly supports our serendipitous observation that artemis-
inin has strong anti-H. pylori effect. We therefore anticipate ob-
serving the absence of H. pylori seroprevalence among malaria
patients treated with artemisinin combination drugs as opposed
to antimalarials devoid of artemisinin.

Whatever may be the mechanism(s) of action of artemisinin
analogues in manifesting strong and potentially useful anti-H. py-
lori features, it is worth reiterating that artemisinin is a cheap and
relatively safe drug with few and minor side effects even at high
doses. Because much of the pharmacokinetic and pharmacody-
namic information is available, it can very well take a faster route
in developing an appropriate candidate drug against H. pylori in-
fections. Our efforts in evaluating physicochemical parameters
(log P, aqueous solubility, and PPB) and the cytotoxicity profiles,
particularly of the eight newly synthesized molecules, revealed
that the majority of the compounds, including GRB-1 to GRB-5,
lie well within acceptable ranges to qualify as therapeutic candi-
date (Table 6). Further investigation using quantitative structure-
activity relationship studies would help predict which among such
potent molecules would be best for the development of a candi-
date drug for H. pylori treatment. Such preclinical findings must,
however, be validated in a clinical setting to judge the efficacy of
the molecule as a useful anti-H. pylori agent and hence as a gastric
anti-ulcer principle.
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